Abstract. Modeling of stress corrosion cracking (SCC) is performed using the combination of the finite element method and the symmetric Galerkin boundary element method. The uncracked structural component is represented with finite elements. The crack is simulated using the boundary element method. The superposition principle is employed for combining two solutions. The equilibrium state for the system of the structural component and the crack is reached after several iterations that alternate between two methods. It is adopted that the crack develops in the direction of the J-integral vector and the crack growth rate is determined by the mechanochemical model using the effective stress intensity factor based on the J-integral value. Results of SCC crack growth modeling are presented for inclined semi-elliptical surface cracks under tensile loading.
INTRODUCTION
The stress corrosion cracking (SCC) is a time dependent crack growth caused by mechanical, electrochemical and metallurgical conditions [1] . Ability of predicting crack growth under SCC conditions is important for safety analysis of structural components in different industries. Typically, SCC growth of only Mode I cracks is considered. However, actual cracks in structural components usually have unsymmetric shape and external loading also lacks symmetry. In the case of a general three-dimensional crack, the stress and displacement fields near the crack front can be describes by three stress intensity factors , and [2] [3] . While the finite element method [4] [5] is the most used method for fracture mechanics analysis of stationary cracks, it is difficult to employ this method for growing cracks due to complications related to generation and modifications of finite element meshes during crack growth.
Here modeling of SCC crack growth is performed using the combination of the finite element method (FEM) and the symmetric Galerkin boundary element method (SGBEM) [6] [7] [8] . The uncracked structural component is discretized with finite elements. The crack is modeled with the SGBEM. The alternating method [9] is used to combine both methods using the superposition principle. The equilibrium state for the system of the structural component (FEM) and the crack (SGBEM) is reached as a result of iterations that alternate between two methods. It is supposed that the crack grows in the direction of the J-integral vector and the crack growth rate is determined by the mechanochemical model [10] [11] using the effective stress intensity factor expressed through the J-integral value. The developed computational procedure has been applied to modeling of SCC crack growth of inclined semielliptical surface cracks under tensile loading. a b FIGURE 1. Twenty-node finite element (a) and eight-node boundary element.
CALCULATION OF THE STRESS INTENSITY FACTORS
A boundary value problem for a structural component with a crack is solved using the combination of the finite element method and the symmetric Galerkin boundary element method.
The finite element method is used for modeling of the uncracked structural component. Twenty-node hexahedral elements with quadratic shape functions shown in Fig. 1 ,a are employed for discretization of uncracked structural components.
The crack under surface loading in an infinite medium is modeled by the symmetric Galerkin boundary element method. The crack is subdivided into boundary elements. Degrees of freedom at nodes of boundary elements are displacement discontinuities (distances between two crack surfaces along coordinate axes). Eight-node quadratic boundary elements shown in Fig. 1 ,b are utilized for crack modeling. Elements can have curved edges and consequently, curved surfaces. This allows representing arbitrary three-dimensional cracks with non-planar surface.
Solution of the boundary value problem for a structural component with a crack is sought as superposition of the finite element solution (uncracked finite body) and the boundary element solution (crack in an infinite medium). For a correct superposition, fictitious forces on the boundary of the finite element model should be found in order to compensate for the stresses caused by the presence of a crack in an infinite body. These fictitious forces can be efficiently found with the iteration procedure alternating between two methods. The iterative loop ends when the relative norm of the finite element residual becomes less than the specified error tolerance. After termination of the iterative procedure, correct tractions at the crack surface are determined thus making possible to estimate values of the stress intensity factors at the crack front.
Stresses and displacement in the vicinity of the crack front are described with the three stress intensity factors , and . Values of the stress intensity factors at different points of the crack front can be determined using asymptotic formulas for displacements in the vicinity of the crack front [2] :
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Here are displacements in the crack front coordinate system, E is the elasticity modulus,
Poisson's ratio; r is the distance from the nodal point to the crack front. The crack front coordinate system is shown in Fig. 2 at point A. The axis of the crack front coordinate system is tangent to the crack front, and the axis is normal to the crack surface.
Modeling of the inverse square-root stress singularity near the crack front is important for obtaining the stress intensity factors with good precision. Shift of midside nodes towards the crack front by one quarter of the side length as shown in Fig. 2 transforms ordinary boundary elements into singular ones.
The global coordinate system and the crack front coordinate system .
The problem is solved in the global coordinate system . Direction cosines for the crack front coordinate system are determined using nodal coordinates of the neighbor crack front boundary elements. Displacements in the global coordinate system are transformed to the crack front coordinate system. Displacements in the crack front coordinate system at the quarter point nodes are used for estimation of the stress intensity factors , and according to relations (7) . Another possibility is an extrapolation of the stress intensity factors defined at points C and B to the crack front at point A.
MODELING OF CRACK GROWTH
For modeling of non-planar SCC crack growth, it is necessary to select a criterion for local crack growth which includes answers to two questions: what is the crack advance amount and what is the crack growth direction. Different crack growth criteria for mixed mode cracks exist. It is possible to mention criteria based on maximum normal stress or on maximum energy density [2] . However, it is difficult or impossible to apply these criteria to empirical SCC crack growth models based on the stress intensity factor (usually only Mode I cracks are considered). 
Components of the J-integral are projections of the J-vector on the crack front coordinate axes and as shown in Fig. 3 
The effective stress intensity factor is determined using the equivalence of the force end energetic approach to local fracture
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This effective factor replaces the Mode I stress intensity factor in the SCC crack growth model. Thus the SCC crack growth rate, in general, is determined by relation:
Use of the effective stress intensity factor is a natural generalization of the SCC crack growth model.
Particular function describing SCC crack growth rate depends on material and environmental parameters. This allows modeling of non-planar crack growth according to the selected local crack growth criterion.
SCC GROWTH OF A SEMI-ELLIPTICAL INCLINED CRACKS
The developed algorithm and computer code have been applied to modeling of SCC crack growth of inclined semi-elliptical cracks under tensile loading. A schematic of a test problem with an initial crack is presented in Fig.  4,a. A plate has thickness t , width and height . It is subjected to tension with surface intensity Crack growth is applied in four increments with maximum increment crack advances = 0.003, 0.004, 0.005 and 0.006 m. The specified crack advances are used for predicting crack shape during SCC crack growth of an initially inclines crack and to estimate crack life, i.e. crack growth time period. A mesh for the uncracked plate contains 400 twenty-node brick-type finite elements and 2157 nodes. The finite element model for the plate is shown in Fig. 4,b . Half of the finite element model is removed in order to provide visibility for the crack model. Eight-node quadrilateral boundary elements are used for crack surface subdivision. Quarter-point singular boundary elements are placed near the crack front. Displacement discontinuities at the crack front are set to zero in the boundary element model; free boundary conditions exist on the boundary outside the plate. Boundary element model for crack = 0.5 is presented in Fig. 4 ,c. The model composed of 48 boundary elements and 173 nodes. The crack model is created in horizontal plane and then transformed by rotation around small semi-axis of the ellipse. Since the finite element and boundary element models are completely disconnected, boundary elements intersect finite elements arbitrarily. degrees. Configuration of the crack surface during SCC crack growth is depicted in Fig. 5 . Initial cracks contain three boundary element layers. Four other element layers correspond to four specified crack advances.
Dependence of the crack depth on SCC time for cracks with same initial size but with different initial angles β = 0, 15, 30, 45° under same external loading is shown in Fig. 6 . The horizontal crack ( β = 0) has the highest growth rate. The crack inclined under angle β = 45° has the largest life. The difference in crack growth rate is related to different levels of the stress intensity factors at fronts of growing cracks.
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CONCLUSION
Combined finite-and boundary-element algorithm for modeling SCC growth of mixed-mode non-planar cracks has been developed. The stress and displacement fields in the vicinity of the crack front are described by three stress intensity factors , and . Based on the equivalence of force and energy approaches it is proposed to use the J-integral local fracture criterion for prediction of SCC crack growth. According to this criterion, the crack grows in the direction of the J-integral vector and its growth rate is determined by the effective stress intensity factor which computed through the J-integral value.
The algorithm is demonstrated on modeling SCC crack growth of semi-elliptical cracks in a tensile plate. Cracks have same shape ( = 0.5) and size. However, they are oriented under different angles. Solution of SCC crack growth problems provides crack shapes and distributions of the stress intensity factors on the front of growing cracks. Comparison of crack lives shows that the highest crack growth rate is demonstrated by the crack which is normal to the direction of external loading. 
